The endoplasmic reticulum (ER) is a large network made of membranous cisternae and tubules, which accounts for a large proportion of the total lipid bilayer endomembrane of the cell. In mammals and yeast, LUNAPARK proteins are preferentially localized at the three-way junctions of the ER network, stabilizing the junctions and establishing the ER architecture. We identified two Arabidopsis homologs and designated them LNPA and LNPB. Subcellular localization analysis with a non-dimerizable type of green fluorescent protein (GFP) revealed that both LNPA and LNPB are predominantly distributed throughout the ER, but not preferentially localized at the three-way junctions. Quantitative analysis of the network in the double mutant lnpa lnpb revealed that deficiency of LNPA and LNPB caused the cortical ER to develop poor ER cisternae and a less dense tubular network. These phenotypes are opposite to those of LNP-deficient mutants of yeast and mammals. Despite the importance of cysteine residues in the zinc finger motif of the yeast LNP homolog (Lnp1p), the corresponding cysteine residues of LNPA were not necessary for the stabilization of ER morphology because replacing the four cysteine residues in the zinc finger motif of the LNPA protein with alanine residues did not affect its function. A significant phenotype of lnpa lnpb is generation of large spherical structures from the ER. Formation of the structures might reduce the amounts of the ER membrane to be used for generating the network, resulting in poor development of the ER network. Taken together, our results suggest that plant LNPs function differently from those in yeast and mammals: they function to distribute ER membranes appropriately throughout the cells.
Introduction
The endoplasmic reticulum (ER) is a membrane-enclosed organelle in eukaryotes. The ER develops a continuous network composed of interconnected membrane tubules and flat cisternae called ER sheets in the cell periphery. The ER network continues to remodel through growing and shrinking tubules, sliding junctions, and expanding and contracting cisternae (Lee and Chen 1988 , Lichtscheidl and Baluska 2000 , Quader and Zachariadis 2006 , Friedman and Voeltz 2011 . In addition, the plant ER develops thick strand-like structures both in the cell periphery and inside, which stream vigorously with velocities of up to approximatley 4.2 mm s -1 in Arabidopsis thaliana (Ueda et al. 2010) . Both the remodeling and streaming of the ER are driven mainly by an actin-myosin XI cytoskeleton in the plant cells (Hawes et al. 2015 , Ueda et al. 2015 , Griffing et al. 2017 .
Several determinants of ER morphology have been identified (Westrate et al. 2015 , Schwarz and Blower 2016 , Zhang and Hu 2016 . Reticulons and Reeps are membrane curvature-stabilizing proteins with transmembrane hairpins that generate the ER tubules and edges of the ER sheets (Voeltz et al. 2006) . ER membrane-bound GTPases including yeast Sey1p (Synthetic Enhancement of Yop1) (Anwar et al. 2012) , animal atlastins (Hu et al. 2009 , Orso et al. 2009 ) and plant RHD3 (ROOT HAIR DEFECTIVE3) (Zhang et al. 2013 , Ueda et al. 2016 ) function as ER fusogens to form the interconnected membrane network. Reconstitution assays with proteoliposomes showed that a curvature-stabilizing protein and a membrane fusion protein are the minimal components required for ER network formation and maintenance (Powers et al. 2017 ). In addition, ER membrane proteins including Climp-63, kinectin and p180 are thought to be involved in forming the ER sheets; Climp-63 functions as a luminal spacer to maintain a uniform thickness of the ER cisternae, while kinectin and p180 maintain the flattened shape of the ER cisternae (Shibata et al. 2010) . No homologs of these ER sheet-forming proteins have been reported in plants.
LUNAPARK (LNP) family proteins were found to be involved in ER morphogenesis by examining ER morphology in a yeast deletion library (Chen et al. 2012) . LNPs that have two transmembrane domains and a zinc finger motif are conserved in eukaryotes (Chen et al. 2012) . The zinc finger motif is required for the dimerization of LNPs in yeast and mammalian cells (Casey et al. 2015 , Wang et al. 2016 . LNPs preferentially localize to three-way junctions of the peripheral ER network and stabilize them in yeast and mammalian cells (Chen et al. 2012 , Shemesh et al. 2014 , Wang et al. 2016 ), but LNP is not necessary to generate three-way junctions in reconstitution assays (Powers et al. 2017) . LNP is also involved in the integrity of the nuclear pore complex in yeast cells (Casey et al. 2015) . It has been reported that introduction of LNPs purified from Xenopus and human into proteoliposomes induces the formation of stacked bilayer discs of phospholipids (Wang et al. 2018) . Recently, plant homologs of the LNP family have been identified and characterized through an amiRNA knockdown and overexpression approach (Kriechbaumer et al. 2018) . In this study, we identified and characterized two independent T-DNA insertion knockout lines for each of the LNP plant homologs and found that plant LNPs function in the appropriate distribution of ER membranes throughout the cells, which is different from the function of yeast and mammalian LNPs.
Results
A. thaliana has two LUNAPARK homologs, and four mutant alleles were isolated Two LNP homologs of A. thaliana, LNPA (At4g31080) and LNPB (At2g24330), which correspond to LNP2 and LNP1 in the study by Kriechbaumer et al. 2018 , respectively, were identified by a BLAST search (https://www.arabidopsis.org/Blast/) using the amino acid sequence of yeast Lnp1p/YHR192W as the query. A phylogenetic tree of LNP family protein shows a relationship between animal Lnp proteins, yeast Lnp1p and two putative LNPA splicing variants (LNPA.1 and LNPA.2) and LNPB of A. thaliana (Fig. 1A) . Four T-DNA insertion mutant alleles (lnpa-1, lnpa-2, lnpb-1 and lnpb-2) were isolated (Fig. 1B, C) . All of the single mutants grew normally (Supplementary Fig. S1A ). We crossed lnpa and lnpb to generate four double mutants (lnpa-1 lnpb-1, lnpa-1 lnpb-2, lnpa-2 lnpb-1 and lnpa-2 lnpb-2). Deficiency of both LNPA and LNPB caused dwarfism, especially in lnpa-1 lnpb-1 and lnpa-2 lnpb-1 (Fig. 1D) . We noticed that the siliques of lnpa-1 lnpb-1 were shorter than those of the wild type (Fig. 1D) . Genotyping the progeny of lnpa-1 +/-revealed a segregation ratio (lnpa-1 +/+ :lnpa-1 +/-:lnpa-1 -/-) of 57:77:29 (P = 6.36Â10 -3 , 2 test), suggesting that the fertilization competence of the lnpa-1 homozygous mutant was impaired ( Fig. 1E) .
Deficiency of LNPA and LNPB reduces ER cisternae area and fineness of the ER tubular network
To investigate the effects of deficiency of LNPA and LNPB on ER network morphology, ER-targeted green fluorescent protein (GFP), which is composed of an N-terminal signal peptide, GFP and a C-terminal ER-retention signal (the tetrapeptide HDEL), was expressed in the wild type and two double mutants (lnpa-1 lnpb-1 and lnpa-2 lnpb-2). In both the wild type and mutants, epidermal cells in the upper hypocotyls of 3-day-old etiolated seedlings developed a cisternae-rich ER network, whereas epidermal cells in the lower hypocotyls developed a more tubular ER network ( Fig. 2A) . However, the double mutants exhibited fewer ER cisternae than the wild type in both the upper and lower hypocotyls ( Fig. 2A) . lnpa-1 lnpb-1 often formed intermediate structures rather than tubules or sheets, and GFP fluorescent dots that moved rapidly ( Fig. 2A ; Supplementary Movie S1). lnpa-1 lnpb-1 exhibited a more severe phenotype in ER morphology than lnpa-2 lnpb-2 ( Fig. 2A) , which is consistent with the greater defect in plant growth in lnpa-1 lnpb-1 than in lnpa-2 lnpb-2 (Fig. 1D) . None of the four single mutant alleles showed significant abnormal phenotypes in ER morphology ( Supplementary Fig. S1B ).
To quantify ER cisternae development, we extracted the ER cisternae area from the GFP-labeled ER network of cotyledon epidermal cells of the wild type and the double mutant lnpa-1 lnpb-1 (see the Materials and Methods; Supplementary Fig. S2 ). An example is shown in Fig. 2B in which the extracted areas in the wild type and double mutant lnpa-1 lnpb-1 are shown in magenta. The average percentage of the ER cisternae area to the GFP-labeled ER area was calculated to be 25% for lnpa-1 lnpb-1 and 66% for the wild type (Fig. 2C, D) . Thus, deficiency of both LNPA and LNPB severely reduces ER cisternae formation. On the other hand, the cavity area with no GFP fluorescence (Fig. 2E, blue) was 5.02 mm 2 for lnpa-1 lnpb-1 and 1.66 mm 2 for the wild type (Fig. 2F, G) . This shows that deficiency of both LNPA and LNPB causes the ER network to be less fine. Treatment of wild-type cells with the actin-depolymerizing drug latrunculin B suppresses myosin XI-dependent ER tubule formation, which promotes ER cisternae formation (Sparkes et al. 2009) (Fig. 3A) . Similarly, when the lnpa-1 lnpb-1 cells were treated with latrunculin B, the tubular ER network transformed to ER cisternae ( Fig. 3B, C ; Supplementary Movie S4), indicating that lnpa-1 lnpb-1 has the ability to form ER cisternae. Taken together, these results indicate that LNPA and LNPB function in the formation of the ER cisternae and the fine ER tubular network.
The double mutant aberrantly develops large spherical structures labeled with the ER-targeted GFP and impairs proper formation of the ERderived organelles, ER bodies
The double mutant lnpa-1 lnpb-1 showed two other distinct phenotypes. Fluorescence images of the ER-targeted GFP showed that lnpa-1 lnpb-1 developed abnormally large spherical structures of approximately 10 mm in diameter in various organs including the petiole, cotyledon, hypocotyl, upper root and root tip ( Fig. 4A, B ; Supplementary  Fig. S3A ). Such structures were also observed in another double mutant, lnpa-2 lnpb-2 ( Supplementary Fig. S3B ). The structures were also labeled with the ER-targeted Venus and were possibly associated with ER-derived organelles called ER bodies in hypocotyl epidermal cells of etiolated seedlings (Fig. 4C) .
ER bodies are distributed in epidermal cells of cotyledons, hypocotyls and roots (Hayashi et al. 2001) . They appear as cigar-shaped bodies that are uniformly labeled with the ERtargeted GFP (Fig. 5A , wild type). However, ER bodies of lnpa-1 lnpb-1 were irregularly shaped and were non-uniformly labeled with the ER-targeted GFP (Fig. 5A , lnpa-1 lnpb-1). A statistical analysis revealed that the ER body numbers per cell were much lower in lnpa-1 lnpb-1 and slightly lower in lnpa-2 lnpb-2 than in the wild type (Fig. 5B) . However, the amounts of two proteins associated with ER bodies [PYK10 (Matsushima et al. 2003) and NAI2 (Yamada et al. 2008)] were not significantly lower in lnpa-1 lnpb-1 than in the wild type (Fig. 5C ). These results suggest that LNPA and LNPB suppress the generation of abnormal structures from the ER and are needed for proper ER body structures.
Subcellular localization of mGFP-LNPA and mGFP-LNPB throughout the ER network
To better understand the roles of LNPs, we investigated the subcellular localization of LNP proteins by using a non--dimerizable type of GFP (mGFP), which is a mutated GFP (sGFP A207K ) that does not self-aggregate (Segami et al. 2014) . First, we generated transgenic plants that expressed the translational fusion of mGFP and genomic LNPA to produce the fusion protein mGFP-LNPA together with an ER marker (mCherry-ER). The transgenic plants were inspected with a confocal laser scanning microscope. Cotyledon epidermal cells of 14-day-old seedlings had fewer ER cisternae than those of 9-day-old seedlings, indicating that the ER cisternae are reduced during the cell expansion that occurs during seedling development (compare Figs. 3A and 6A). The mGFP-LNPA signal was mostly co-localized with the ER marker mCherry-ER (Fig. 6A) . ; lnpa-2, SALK_100743) and for LNPB (lnpb-1, GABI_607D07; lnpb-2, SAIL_381_F07). The LNPB regions amplified by RT-PCR with primer sets 1 and 2 are shown. Black boxes, exons; gray boxes, untranslated regions; black lines, introns. (C) RT-PCR analysis of 7-day-old seedlings of the wild type and four single mutant alleles (lnpa-1, lnpa-2, lnpb-1 and lnpb-2). Note that for RT-PCR of lnpb-2, primer set 1 amplified the LNPB transcript, while primer set 2 amplified no LNPB transcripts. Genome DNA was also used (genome). ACT2 is a loading control. (D) Six-week-old plants and siliques of double mutant alleles. Note that siliques of lnpa-1 lnpb-1 are shorter than those of the wild type (inset). (E) Segregation rate of second filial progeny (F 2 ) generated by self-pollination of lnpa-1 +/-. The P-value was calculated by 2 test (P = 6.36 Â 10 -3 ).
To examine the subcellular localization of LNPA and LNPB more carefully, we generated lnpa-1 lnpb-1 plants that expressed a translational fusion of mGFP with either genomic LNPA or genomic LNPB to produce the fusion proteins mGFP-LNPA and mGFP-LNPB under the control of the respective endogenous promoters. Epidermal cells of the upper and lower hypocotyls of 4-day-old etiolated seedlings were inspected with a spinning-disk confocal microscope. Expression of ProLNPA: mGFP-LNPA or Pro:LNPB:mGFP-LNPB increased the ER cisternae areas in lnpa-1 lnpb-1 (compare Figs. 2A and  6B ), indicating that mGFP-LNPA and mGFP-LNPB are functional.
Fluorescence images revealed that the functional fusions mGFP-LNPA and mGFP-LNPB were distributed on the ER (Fig. 6) . This was also the case for the plants that expressed the fusion protein LNPA followed by GFP (LNPA-GFP) ( Supplementary Fig. S4 ). It should be noted that neither mGFP-LNPA nor mGFP-LNPB was preferentially localized at the ER network junctions in the cells examined. Considering that mammalian Lnp (Shemesh et al. 2014 , Wang et al. 2016 ) and yeast Lnp1p (Chen et al. 2012 ) are localized at three-way junctions of the ER network, the subcellular localization and physiological functions of Arabidopsis LNP proteins might be different from those of mammalian and yeast LNP proteins. Fig. 2 Double mutant alleles (lnpa-2 lnpb-2 and lnpa-1 lnpb-1) exhibit two abnormal phenotypes in ER morphology: fewer ER cisternae area and a less fine ER network. (A) GFP-labeled ER network in epidermal cells of upper and lower hypocotyls of 3-day-old etiolated seedlings of the wild type and double mutant alleles that expressed GFP with a signal peptide at the N-terminus and an ER retention signal at the C-terminus. Note that lnpa-1 lnpb-1 exhibited a more severe phenotype in the ER morphology than lnpa-2 lnpb-2. Scale bars = 5 mm. (B) Comparison of ER cisternae area in cotyledon epidermal cells of 9-day-old seedlings between the wild type and lnpa-1 lnpb-1. The ER cisternae area (magenta) was extracted from the GFP-labeled ER network by image processing procedures (see Supplementary Fig. S2 for details). (C, D) The ratio of the ER cisternae area to the GFP-labeled ER area was quantitatively analyzed. (E) Comparison of the cavity area with no GFP fluorescence between the wild type and lnpa-1 lnpb-1. No fluoresced cavity area (blue) was extracted from the GFP-labeled ER network as described in (B). See also Supplementary Fig. S2Ae , Bf for whole-cell images. (F, G) The cavity area was quantitatively analyzed.
The zinc finger motif of LNPA is not necessary for ER morphology in plants
To compare the LNP functions of plants and other organisms further, we focused on the zinc finger motif of LNP proteins. In the yeast Saccharomyces cerevisiae, four cysteine residues of the zinc finger motif of Lnp1p are needed to organize the ER network (Chen et al. 2012) . These cysteine residues are also conserved in LNP homologs of plants, which include a dicot (A. thaliana), a eudicot (Vitis vinifera), monocots (Oryza sativa and Sorghum bicolor) and a moss (Physcomitrella patens) (Fig. 7A) .
We generated the construct that encoded a mutated LNPA (LNPA CtoA ), in which all four cysteine residues of the motif (C352, C355, C374 and C377) were replaced by alanine, and expressed it in lnpa-1 lnpb-1 under the control of the LNPA promoter. The lnpa-1 lnpb-1 phenotype expressing fewer ER cisternae was rescued by expressing LNPA CtoA (Fig. 7B) , indicating that LNPA CtoA is functional. Hence, unlike the four cysteine residues of yeast Lnp1p, those of Arabidopsis LNPA are not necessary for ER morphology.
We also generated another mutated LNPA (LNPA CtoP ), in which the four cysteine residues were replaced by proline, and expressed it in lnpa-1 lnpb-1 as described above. The proline residues were designed to disrupt the secondary structure of the protein. In contrast to LNPA CtoA , LNPA CtoP had no ability to rescue the abnormal phenotypes of lnpa-1 lnpb-1: fewer ER cisternae, a coarser ER network and aberrant formation of spherical structures (Fig. 7C) . Taken together, the LNPA CtoA and LNPA CtoP results suggest that the proper conformation of this region rather than the cysteine residues of the motif is important for the ER morphology.
Discussion
The present study demonstrates that several features of Arabidopsis LNPA and LNPB are different from those of yeast and mammalian LNP homologs. A significant feature of LNP proteins of yeast (Chen et al. 2012 ) and mammals (Shemesh et al. 2014 , Wang et al. 2016 ) is their preferential localization at the three-way junctions of the ER network. The LNP proteins are thought to exert their effect on ER morphology at junctions, because localization of LNPs to three-way junctions is correlated with the conversion of peripheral ER cisternae into a tubular network (Wang et al. 2016 ). In contrast, careful investigation with a non-dimerizable type of GFP shows that Arabidopsis LNP proteins predominantly occur throughout the ER and occasionally at punctate structures (Fig. 6) . Most of the punctate structures rapidly move in the cells (Supplementary Movies S2, S3; Kriechbaumer et al. 2018) , which is in contrast to the fact that three-way junctions are largely immobile and stable structures. This indicates that Arabidopsis LNP proteins are not preferentially localized at the three-way junctions.
Two more features that are not found in Arabidopsis LNPA and LNPB in this study were reported in LNP proteins of other organisms. First, yeast and mammalian LNP proteins have zinc Fig. 3 Evaluation of the ability of the double mutant allele lnpa-1 lnpb-1 to induce ER cisternae formation by latrunculin B. (A, B) GFP-labeled ER network in cotyledon epidermal cells of 7-day-old seedlings of the wild type (A) and lnpa-1 lnpb-1 (B). The seedlings were treated with either DMSO (control) or 5 mM latrunculin B, which is an actin polymerization inhibitor and thereby promotes formation of ER cisternae (A). Note that lnpa-1 lnpb-1, which has fewer ER cisternae (DMSO), has the ability to form ER cisternae (latrunculin B). (C) Time-lapse images of the GFP-labeled ER network in cotyledon epidermal cells of 8-day-old seedlings of lnpa-1 lnpb-1, which were treated with 10 mM latrunculin B. See also Supplementary Movie S4. Scale bars = 10 mm. finger motifs, which are responsible for dimerization of LNP proteins (Casey et al. 2015 , Wang et al. 2016 . Four conserved cysteine residues of the zinc finger motif of yeast Lnp1p are required for proper ER network organization (Chen et al. 2012) . Although Arabidopsis LNPA and LNPB also have putative zinc finger motifs, the cysteine residues of the zinc finger motif of LNPA are not required for ER morphology (Fig. 7) . Secondly, mammalian Lnps, unlike LNPA and LNPB, have an N-terminal glycine residue. Myristoylation of this residue is essential for its localization to junctions (Wang et al. 2016 ) and its function (Moriya et al. 2013 , Wang et al. 2016 .
We established two double knockout mutant alleles of A. thaliana that lack LNPA and LNPB. The mutant phenotypes provide a clue to the roles of LNPA and LNPB. Deficiency of LNPA and LNPB causes the cortical ER to develop poor cisternae and less dense tubule structures in various organs of the double mutant alleles lnpa-1 lnpb-1 and lnpa-2 lnpb-2 (Figs. 2-4) . The abnormal phenotypes of lnpa-1 lnpb-1 differ from those of LNP-deficient mutants of yeast and mammals: the ER network of the yeast mutant lnp1 has denser tubules than that of the wild type (Chen et al. 2012) , while the ER networks of mammalian mutant lines are rich in cisternae (Shemesh et al. 2014 , Wang et al. 2016 . The difference in Fig. 4 The double mutant allele lnpa-1 lnpb-1 develops abnormally large spherical structures labeled with the ER-targeted GFP. Fluorescence images of the ER-targeted GFP in the abaxial epidermal cells of petioles of 7-day-old seedlings of the wild type (A) and lnpa-1 lnpb-1 (B). Note that lnpa-1 lnpb-1 develops a large spherical structure of approximately 10 mm in diameter (arrowhead). (C) Fluorescence and DIC images of a spherical structure labeled with ER-targeted Venus in an etiolated hypocotyl of lnpa-1 lnpb-1. ER bodies are indicated by arrows. Fig. 5 The double mutant allele lnpa-1 lnpb-1 impairs formation of the ER-derived organelles, ER bodies. (A) GFP-labeled ER bodies in cotyledon cells of 5-day-old seedlings of the wild type and lnpa-1 lnpb-1. Lower panels show enlarged images of ER bodies (arrowheads). Note that ER body morphology was aberrant in lnpa-1 lnpb-1. (B) Statistic analysis of the ER body numbers per cell. Abaxial epidermal cells of 7-day-old cotyledons of the wild type (n = 60), lnpa-1 lnpb-1 (n = 50) and lnpa-2 lnpb-2 (n = 43) were inspected. Data represent the mean ± SD. (C) Immunoblots of 8-day-old-seedling extracts with antibodies against PYK10 or NAI2, both of which are ER body components (Matsushima et al. 2003 , Yamada et al. 2008 ). Antibodies against a-tubulin were used for a loading control. phenotypes might be due to the different nature of the LNPs of plants and those of other organisms: unlike yeast and/or mammalian LNPs, (i) A. thaliana LNPs are not preferentially localized at the three-way junctions, (ii) A. thaliana LNPs do not have N-terminal myristoylation sites essential for the localization at the three-way junctions and (iii) zinc finger motifs of A. thaliana LNPs are not required for proper ER network organization.
Very recently, Kriechbaumer et al. generated amiRNA knockdown A. thaliana lines of LNPA and LNPB and reported the phenotypes of fewer cisternae and a less dense tubular network (Kriechbaumer et al. 2018 ; referred to as LNP2 and LNP1, respectively). Based on the phenotypes, they concluded that LNPA and LNPB are involved in ER cisternae formation. In this study, we found that the double knockout mutant lnpa-1 lnpb-1 also exhibited a disorganized ER network, similar to the knockdown mutants recently reported -albeit more severely (Fig. 3B, C) . In plants, the ER moves in a myosin XI-dependent manner to generate the tubular ER network (Sparkes et al. 2009 , Ueda et al. 2010 , Yokota et al. 2011 , Griffing et al. 2014 . The double mutant lnpa-1 lnpb-1 also has an ability to move ER and generate the tubular network (Supplementary Movie S1). The subcellular localization patterns of mGFP-LNPA are similar to those of LNPA-GFP (see Supplementary Fig. S4 ). Despite these abilities, lnpa-1 lnpb-1 has fewer cisternae and less dense tubules of the cortical ER network. Both lnpa-1 lnpb-1 and lnpa-2 lnpb-2 form abnormally large spherical structures composed of the ER membrane ( Fig. 4; Supplementary Fig.  S3B ). These results imply that lnpa lnpb does not have enough ER membrane in the cortical region of the cells to generate the proper cortical ER network. The poor distribution of the ER membrane in lnpa lnpb somewhat resembles the lack of cortical ER in the yeast mutant lnp1 (Chen et al. 2012) . Taken together, our results suggest that LNPA and LNPB serve to distribute the ER membranes properly throughout the cells. Plants might have evolved an LNP-dependent mechanism for distributing the ER membrane throughout the cells, possibly because the sizes of plant cells are much larger than those of yeast and animal cells. Despite highly conserved organization in eukaryotes, the ER morphology determinants including ER cisternaeforming proteins are not completely conserved between plants and other organisms.
Materials and Methods

Plant materials, culture cells and growth conditions
Arabidopsis thaliana ecotype Col-0 was used as the wild-type plant. Transgenic Arabidopsis lines GFP-h (Pro35S:SP-GFP-HDEL; Matsushima et al. 2003 ) and mCherry-ER (ProUBQ10:SP-mCherry-HDEL) were previously established. T-DNA-tagged mutants of LNPA (lnpa-1 and lnpb-2) and LNPB (lnpb-1 and lnpb-2) were established in this study (Fig. 1) . Arabidopsis thaliana seeds were surface-sterilized and then sown onto 0.5% Gellan Gum (Wako) containing 1% sucrose and Murashige and Skoog medium. Plants were grown at 22 C.
Microscopy and image processing procedures
We used a spinning-disk confocal microscope consisting of a fluorescence microscope (Axio Observer.Z1; Zeiss) equipped with a confocal laser-scanning unit (CSU X1; Yokogawa Electric) and a laser combiner system (Andor). The fluorescent images were captured using an EM-CCD camera (iXon3; ANDOR) with a Â100 numerical aperture (NA) 1.45 oil-immersion objective. We also used a confocal laser-scanning microscope consisting of LSM780 or LSM800 (Zeiss) with either a Â100 NA 1.45 oil-immersion objective or a Â63 NA 1.2 water-immersion objective. Images were processed using Adobe Photoshop (Adobe Systems) or ImageJ (National Institutes of Health).
To quantify the morphological difference of the ER network between the wild type and lnpa-1 lnpb-1, the sheet-like ER cisternae area and the cavity area were extracted from the GFP-labeled ER network. Supplementary Fig. S2A shows the image processing procedures for the area measurement of the sheet-like ER cisternae. First, by applying the image enhancement method to the original image by the white top-hat transformation based on rotational morphological processing (RMP) (Supplementary Fig. S2Aa ), the region of the ER network was emphasized ( Supplementary Fig. S2Ab ). Secondly, this enhanced image was binarized by an automatic thresholding method ( Supplementary Fig. S2Ac ). The sheet regions were extracted ( Supplementary  Fig. S2Ad ) by applying the opening operation to the binarized image. In this study, the sheet-like structures in the wild type and mutant were defined as structures with widths >1.079 mm and 1.245 mm, respectively. In Supplementary Fig. S2Ae , the extracted sheet regions were superimposed on the original image. Supplementary Fig. S2B shows the image processing procedures to measure the void region areas. First, by applying the image enhancement method to the original image ( Supplementary Fig. S2Ba ) through a white top-hat transformation based on RMP (Kimori 2011 (Kimori , 2013 , the structure of the ER network was emphasized ( Supplementary Fig. S2Bb ). Secondly, this enhanced image was binarized by an automatic thresholding method ( Supplementary Fig. S2Bc) . Next, the void regions within the ER network were filled using a hole-filling technique ( Supplementary Fig. S2Bd) . Finally, the void regions within the ER network were extracted by subtracting the hole-filled image ( Supplementary Fig. S2Bd ) and the binarized image ( Supplementary Fig. S2Bc ). To avoid underestimation in quantitative and statistical analysis of cavity area, the cavity regions partly cut off by the picture frame were removed in the process of extraction.
Transgenic plants
We used the Gateway cloning system (Invitrogen) to construct ProLNPA:mGFP-LNPA, ProLNPB:mGFP-LNPB, ProLNPA:LNPA-GFP, proLNPA:LNPA CtoA -HA and proLNPA:mGFP-LNPA CtoP . All primers used for cloning are listed in Supplementary Table S1 . Translational fusions between synthetic GFP(S65T) cDNA and genomic fragments of LNPA (At4g31080) or LNPB (At2g24330) were generated by fluorescent tagging of full-length proteins [FTFLP (Tian et al. 2004) ]. The DNA fragment of ProLNPA:GFP-LNPA was amplified using primers GFP-LnpA-F1, GFP-LnpA-F2, GFP-LnpA-F3, GFP-LnpA-R1, GFP-LnpA-R2 and GFP-LnpA-R3, and was subcloned into pENTR/D-TOPO with a TOPO cloning kit (Invitrogen). GFP cDNA was inserted upstream of the LNPA start codon. The amino acid linker between GFP and LNPA was glycine-glycine-glycine. To avoid GFP dimerization, the Ala207 residue of GFP in GFP-LNPA was replaced with a lysine residue [GFP A207K ; monomeric GFP (mGFP)] (Segami et al. 2014) . Similarly, the ProLNPB:mGFP-LNPB fragment was constructed using primers GFP-LnpB-F1, GFP-LnpB-F2, GFP-LnpB-F3, GFP-LnpB-R1, GFP-LnpB-R2 and GFP-LnpB-R3. The ProLNPA:LNPA-GFP fragment was constructed using primers GFP-LnpA-F1, LnpA-GFP-F2, LnpA-GFP-F3, LnpA-GFP-R1, LnpA-GFP-R and GFP-LnpA-R3. Each DNA fragment was introduced into the pHGW plant expression vector (Plant System Biology) by the LR reaction. Substitutions of four cysteine residues in a zinc finger motif of LNPA to alanine or proline residues were performed by two-step PCR using a PrimeSTAR Mutagenesis Basal Kit (TAKARA BIO INC.). To construct proLNPA:LNPA CtoA -HA, a proLNPA:LNPA C352/355A -GFP-pENTR plasmid was amplified using the proLNPA:LNPA-GFP-pENTR plasmid as a template and primers LnpA-C352/ 355A-F1 and LnpA-C352/355A-R1. Next, a proLNPA:LNPA CtoA -GFP-pENTR plasmid was amplified using the proLNPA:LNPA C352/355A -GFP-pENTR plasmid as a template, and primers LnpA-C374/377A-F2 and LnpA-C374/377A-R2. To construct proLNPA:LNPA CtoA -HA, the ProLNPA:LNPA CtoA fragment was amplified and subcloned into pENTR/D-TOPO by a TOPO cloning kit, and then introduced into the pGWB513 plant expression vector (Nakagawa et al. 2007 ) by the LR reaction. To construct proLNPA:mGFP-LNPA CtoP , a proLNPA:mGFP-LNPA C352/355P -pENTR plasmid was amplified using the proLNPA:mGFP-LNPA-pENTR plasmid as a template, and primers LnpA-C352/355P-F1 and LnpA-C352/355P-R1. Next, a proLNPA:mGFP-LNPA CtoP -pENTR plasmid was amplified using the proLNPA:mGFP-LNPA C352/355P -pENTR plasmid as a template, and primers LnpA-C374/377P-F2 and LnpA-C374/377P-R2. The ProLNPA:mGFP-LNPA CtoP fragment was introduced into the pHGW vector by the LR reaction. The resulting plasmids were transformed into either wild type, lnpa-1 lnpb-1 or lnpa-1 lnpb-2 mediated by Agrobacterium tumefaciens (strain GV3101) using the floral dip method (Clough and Bent 1998) .
Treatments with latrunculin B
Stock solutions of reagent used were 5 mM latrunculin B in dimethylsulfoxide (DMSO). Seven-day-old seedlings of the wild type, lnpa-1 lnpb-1 and lnpa-2 lnpb-2 expressing ER luminal GFP (GFP-h) were incubated in water containing 0.1% DMSO or 5 or 10 mM latrunculin B for 1 h.
SDS-PAGE and immunoblot analysis
SDS-PAGE and immunoblot analysis were performed as described previously (Shimada et al. 2003) . Antibodies used are anti-PYK10-IM (diluted 10,000-fold) (Matsushima et al. 2003) , anti-NAI2-ÁSP (diluted 2,000-fold) (Yamada et al. 2008 ) and anti-a-tubulin (diluted 2,000-fold; b-5-1-2; Sigma-Aldrich).
